Large area surface microstructuring is commonly employed to suppress light reflection and enhance light absorption in silicon photovoltaic devices, photodetectors, and image sensors. To date, however, there are no simple means to control the surface roughness of III−V semiconductors by chemical processes similar to the metal-assisted chemical etching of black Si. Here, we demonstrate the anisotropic metal-assisted chemical etching of GaAs wafers exploiting the lower etching rate of the monoatomic Ga<111> and <311> planes. By studying the dependence of this process on different crystal orientations, we propose a qualitative reaction mechanism responsible for the self-limiting anisotropic etching and show that the reflectance of the roughened surface of black GaAs reduces up to ∼50 times compared to polished wafers, nearly doubling its absorption. This method provides a new, simple, and scalable way to enhance light absorption and power conversion efficiency of GaAs solar cells and photodetectors.
■ INTRODUCTION
Scattering and antireflective superficial layers are widely used to increase the photovoltaic efficiency of inorganic semiconductor, 1,2 conjugated polymer, 3 and perovskite 4,5 solar cells. Such layers rely on light-trapping surfaces, 6, 7 scattering structures, 8 and photonic crystals, 9−11 which increase the light path within the photoactive layer, enhance light absorption, and broaden the absorption spectrum. 12 The fabrication of these structures is often accomplished by lithographic techniques, which are hard to implement within the workflow of solar cell production. Wet processes for large-area antireflection or light-trapping surfaces are a low-cost, easily scalable alternative to lithography. For example, metal-assisted chemical etching (MACE) is widely used to fabricate highaspect-ratio nanowire array with a near-zero surface reflectivity on silicon 13−21 and germanium 22 surfaces. The MACE relies on the dissolution of a substrate operated by a mixture of oxidizing and acidic or alkaline species. 19, 23, 24 In such processes, a transition metal 13, 16, 25 catalyses the anisotropic and directional etching of the substrate surface. 24, 32, 41 As a result, when the catalyst is randomly dispersed on the surface, the process generates nano-and microstructured arrays 14, 18, 26, 27 (see Supporting Information Figure S1 for process details). So far, only few attempts have been made to extend wet etching processes to structure the surface of III− V semiconductors. The MACE of GaAs was demonstrated in conjunction with thermal evaporation, 28 or lithographic patterning of the metal catalyst 29−41 by photolithography, 16 nanoimprint lithography, 42 and microsphere self-assembly, 43 whereas the use of catalyst nanoparticles was shown using Au films evaporated on the GaAs surface and subsequently treated at high temperature. 39 Thermal treatment can induce arsenic vacancies 44 and lead to catalyst diffusion on the GaAs surface. So far, lithographic patterning and thermal evaporation have always been necessary to achieve the desired anisotropic etching of III−V semiconductors, substantially limiting the scalability of the process. Here, we demonstrate a lithographyfree MACE process for structuring GaAs surfaces with a nearzero reflection 45 (black GaAs). The method relies on the electroless deposition of randomly dispersed gold nanoparticles cast from solution on the GaAs surface and etching in H 2 O 2 and hydrofluoric acid (HF), which are entirely performed in ambient conditions. We find that the antireflective properties of black GaAs outperform those of the well-known micro/nanostructured silicon (black Si), yielding reflectance values as low as 0.013.
■ EXPERIMENTAL METHODS
Metal-Assisted Chemical Etching. MACE was performed on silicon-doped n-type (111)B, (100), (211), and (110) GaAs epi-ready wafers (purchased from Axt Inc). In a typical process, gold nanoparticles are deposited on the semiconductor surface by immersion in a water solution containing 0.1 mM of AuCl 3 . The samples are then blow dried and etched in HF/H 2 O 2 (4:1) for 10 min.
Reference black Si samples were fabricated by a standard two-step process of p-type (100) Si wafers (purchased from Latech Scientific). First, the samples are etched in a solution of H 2 O 2 /HF (9:1) containing 0.02 M of AgNO 3 for 1 h. Then, further etching in H 2 O 2 and NH 4 OH (1:3) is carried out to remove residual catalyst and etching byproducts from the surface (see Supporting Information Figure S6 ).
Structural and Optical Characterization. Microstructure and topography images of the etched surfaces were obtained by scanning electron microscopy (SEM). Data were collected by a field emission SEM Jeol JSM-6700F using acceleration voltage of 5.0 kV and high (SEI) and low (LEI) secondary electrons detectors. Individual SEM images were analyzed to extract the surface features sizes and orientations. Representations of the GaAs crystal lattice were elaborated with the software VESTA 46 using the data retrieved from the Crystallography Open Database. 47 Reflectance was measured with a spectrophotometer (Andor Shamrock 163i) equipped with an integrating sphere (Bentham IS4-ODM-X) in the spectral range between 550 and 1100 nm. In the 1200−2600 nm spectral range, the data were acquired in a fiber-based optical setup with a Micropak DH2000BAL light source and an Arcoptics FT-interferometer (1000−2600 nm, resolution 8 cm −1 ).
Photoluminescence external quantum efficiency was measured as previously reported by the method reported by de Mello et al., 48 using an integrating sphere (Avantes AvaSphere-50) coupled to a charge-coupled device (CCD) spectrometer (Avantes 2048) in the 200−1100 nm spectral range. The excitation source was a red diode laser (CNI model MRL-655) with 400 mW power. Wavelengthdependent photoluminescence measurements were performed with a spectrofluorometer (Horiba Fluorolog) equipped with a Si CCD detector. The excitation source was a Xe discharge lamp.
■ RESULTS AND DISCUSSION
We developed a two-step etching process of GaAs wafers via the electroless deposition of metal nanoparticles (etching catalyst) followed by etching in an acidic oxidizing bath. Randomly dispersed Au nanoparticles are precipitated from an AuCl 3 water solution on the GaAs surface by redox reaction between the Au 3+ ions, which are reduced to Au 0 , and GaAs, which is oxidized (see Supporting Information Figure S2 ). The substrate is then immersed in a bath containing H 2 O 2 and HF for 10 min to initiate the catalytic process. Figure 1a ,b shows the scanning electron micrographs of the etched GaAs surfaces with the crystallographic orientation (111)B. The topographic images (left side) show the morphology of the surface features, whereas the compositional images (right side) highlight the presence of residual gold nanoparticles, which are also visible as brighter spots in the topographic images.
Etching of the (111)B surface produces randomly oriented, faceted hillocks with heights of about 5.5 μm and width of about 5 μm. It can be immediately noticed that the microfacet orientation remains constant throughout the sample surface, indicating a crystal plane-dependent etching rate. This is further confirmed by the SEM micrographs of the etched wafers with crystal orientations (100), (211), and (110) (see Supporting Information Figures S3 and 1d ).
Slow etch rate planes can be identified with the microfacet orientations comparing them with a representation of the GaAs crystal structure (Figure 1c ,f). Figure 1c shows that the side facets of the hillocks protruding from the (111)B surface form angles of 70°(blue dotted lines) or 79°(green dashed lines) with the latter, corresponding to the (13̅ 1) and (11̅ 1) crystallographic orientations. Similarly, the angle between the facets (blue dotted lines in Figure 1f ) and the (100) plane (orange lines in Figure 1f ) have an angle of 26°with respect to the (100) plane, corresponding to the slow etch rate planes (31̅ 1̅ ) and (1̅ 1̅ 1̅ ).
The fact that monoatomic <111> and <311> planes are etched at slower rate than others can be understood considering the reactivity of individual Ga and As atoms. The sp 3 hybridization of Ga and As atoms in the zinc-blende crystallographic structure of GaAs stabilizes gallium, which is normally trivalent and destabilizes arsenic, which has preferential valence five in electrophilic environment. Because the presence of a lone pair of electrons in As atoms allows their oxidation, a plausible etching mechanism would involve the oxidation of As 3− to As 3+ and As 5+ to produce arsenous and arsenic acids, whereas fluorine ions withdraw the gallium ions, according to the following reactions 
The reactivity of Ga and As is also linked to the number of bonds that they form with the underlying crystal. 51 When reactive arsenic is etched away from the (111) plane, it reveals a layer of gallium atoms singularly bounded to the crystal, which can be complexed by the fluorine ions. On the other hand, Ga atoms laying on (11̅ 1) and (13̅ 1) surfaces have respectively two and three bonds with the crystal and are therefore less reactive, slowing down the etch rate (see Supporting Information Figure S4 ). Figure 2 shows a schematic of the proposed etching mechanism that accounts for the different reactivity of the species involved. Here, a gold nanoparticle laying on the GaAs (111)B surface is oxidized in an acidic environment by H 2 O 2 to form gold ions (1). 52 The resulting Au 3+ and Au 1+ ions diffuse along the surface until they encounter a reactive arsenic site and selectively oxidize it to produce Au 0 and arsenous and arsenic acids (2) . Whereas the newly precipitated gold is subsequently reduced by H 2 O 2 and becomes available for the oxidation of another reactive site, gallium atoms belonging to the (111)A plane can be complexed by the fluorine ions, thus allowing the diffusion of the metal catalyst to the inner surface (3) . The process continues until the <111> and <311> monoatomic gallium planes are exposed at the surface (4, 5). To confirm this mechanism, a (111)B GaAs surface was etched without catalyst. In this case, no structure attributable to a plane-dependent etch rate is discernible on the resulting surface (see Supporting Information Figure S5 ). Note that previous works that made use of continuous metal film as etching catalyst [33] [34] [35] 53 could not identify the crystal planedependent etching mechanism because gold diffusion to the active sites is inhibited by the catalyst film itself. 32, 54 The etched GaAs samples appear completely black (see the insets of Figure 3c,d) , a very desirable property for absorber layers in photovoltaic and photodetection applications. This is due to the nearly perfect suppression of reflectance by the roughened surface, very similar to black Si in which silicon nanowires are formed at the surface by MACE catalyzed by AgNO 3 Figure S6 ). Figure 3a compares the antireflective properties of black GaAs to those of a reference black Si sample. Compared to polished Si surfaces with reflectance between 0.62 and 0.90 in the range of 550− 1150 nm (gray line in Figure 3a ), the reflectance of black Si oscillates from a minimum of ∼0.04 to a maximum of ∼0.2, corresponding to a ∼3 to 20-fold reduction. The low surface reflectance of black Si is due to the low refractive index effective medium formed by the nanowire layer, which is also responsible for the pronounced spectral oscillations with typical Fabry−Perot pattern 55 (orange line in Figure 3a ). In comparison, the reflectance of black GaAs (black and green lines in Figure 3a) is between ∼25 and 60 times lower than that of polished GaAs (red line in Figure 3a ). On average, the antireflective properties of black GaAs are ∼2−10 times better than those of black Si (Supporting Information Figure S7 ). Note that similar results were also obtained by diffuse reflectance measurements in an integrating sphere (Supporting Information Figure S8 ). As shown in the following, the nearly perfect antireflection properties of black GaAs stem from a completely different optical mechanism than refractive index matching in black Si. Figure 3b details the specular reflectance properties of the two types of etched GaAs samples. Although both samples effectively reduce the reflectance of polished GaAs (red line in Figure 3a ), both above (absorbing region) and below the band gap at 890 nm (1.4 eV), etched GaAs (111)B has a much lower reflectance than the etched GaAs(100). The lack of an interference pattern in the spectra of the etched GaAs samples suggests that the suppression of reflectance is due to light scattering from the microstructured surface rather the refractive index matching by a surface effective medium like in the case of black Si (see Supporting Information Figure S6 ). To further confirm this hypothesis, we plotted the reflectance collected at 800 nm as a function of the inclination angle of the faceted surface of the three samples (inset of Figure 3b ). The reflectance of the polished surface (0°) is the highest and decreases exponentially with the inclination angle of the facets on the etched surfaces (26°for the (100) and 79°for the (111)B surface, see also Figure 1 ). This shows that the geometrical light trapping induced by the specific geometry of the surface microfacets of black GaAs is the primary reflectionsuppression mechanism. Figure 3c compares the near-infrared reflectance of polished and etched (111)B GaAs surfaces. Whereas polished GaAs is highly reflective and spectrally flat throughout the entire near-infrared range (red line), the reflectance of etched GaAs varies between 0.08 at 1200 nm and 0.05 at 2600 nm (black line), corresponding to a 100-fold decrease compared to the polished surface. This makes black GaAs very interesting also for near-infrared photodetector applications.
in HF and H 2 O 2 (see Experimental Methods section and Supporting Information
A simple ray-tracing analysis of the incident light path within the (111)B and (100) etched surfaces provides a qualitative explanation of the light-trapping process (Figure 3d,e ). Figure  3d shows an ideal representation of the (11̅ 1), (13̅ 1), and (111) facets on the etched (111)B surface (refer to Figure 1c ), whereas Figure 3e depicts the (31̅ 1̅ ) and (311) facets on the (100) etched surface (refer to Figure 1f ). The microfacets on (100) etched surfaces reflect a normal incident light at ∼52°, resulting in strong light scattering and minimal light trapping. Conversely, the (11̅ 1) and (13̅ 1) microfacets on (111)B etched surfaces redirect specularly reflected normal incidence beams toward the bottom of the valleys between facets, which undergo multiple reflections before leaving the surface. Therefore, the larger inclination of surface microfacets explains the superior antireflective characteristics of etched GaAs (111) B compared to (100).
Last, photoluminescence spectra and quantum yield measurements were used to gauge the effectiveness of light trapping in black GaAs. Figure 4 compares the emission spectra of polished GaAs (Figure 4a ) and etched GaAs (111)B (Figure 4b ) under 559 nm excitation. Both samples show two emission peaks in the near-infrared range, below the band gap. The most intense peak (at 853 and 864 nm in polished and etched GaAs, respectively) is due to the conduction to valence band interband transition (CV), 56, 57 whereas the weaker peak (1010 nm in both samples) is assigned to transitions from intragap defect states (IDS), commonly generated from silicon n-type doping. 56, 57 The 13 nm (∼24 meV) shift of the CV peak and the enhancement of the IDS emission may be ascribed to the formation of new species (e.g., Ga 2 O 2 and As 2 O 3 ) on the etched surface, or to the formation of defects and increase of porosity, which are known to cause strain and lattice distortion. 58 Notably, the photoluminescence intensity of black GaAs is strongly enhanced compared with the polished sample. Whereas the total photoluminescence quantum yield (η t ) 59, 60 remains substantially unchanged after etching, the light absorption (Abs) nearly doubles ( Table 1 , see Experimental Methodssection for measurement details). The increase in light absorption, therefore, largely accounts for the twofold enhancement in integrated emission intensity seen in Figure 4 . Interestingly, in the etched sample, the efficiency of the CV transition (η cv ) decreases by 20%, whereas the efficiency of the IDS transition (η IDS ) is 2.5 times more efficient, yet the total quantum yield remains unaltered. This indicates that, upon absorption, a higher percentage of photoexcitations in black GaAs contribute to the radiative intragap surface defect state transitions than to bulk interband recombination.
■ CONCLUSIONS
In conclusion, we demonstrated a new metal-assisted chemical etching process to create nearly perfect antireflection microstructured GaAs surfaces in the visible and near-infrared spectral regions (black GaAs). This solution-based process relies on a crystal plane-dependent etch rate, which slows down at monoatomic gallium <111> and <311> crystallographic orientations regardless of the planes exposed to the etchant. Therefore, etching of the (100) or (111)B surfaces generates highly sloped microfacets, which induce efficient light scattering and geometrical light trapping within the semiconductor surface, resulting in up to twofold enhancement in light absorption. We have shown that, on average, the antireflective properties of black GaAs are 2−10 times better than black Si, in which the reduction of surface reflectivity is induced by a refractive index matched surface nanowire layer, rather than by geometrical light trapping. As a result of increased absorption, the intensity of photoluminescence emitted by black GaAs doubles without affecting the external quantum efficiency, even though interband radiative recombination is reduced in favor of the intragap surface defect state transitions. Given its simplicity and scalability, we believe that this method provides a viable way to increase the absorption of III−V semiconductors by microstructuring, and could be readily implemented into the production workflow of solar cells and photodetectors to increase their efficiency.
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